Designing novel protein-protein interactions (PPIs) with high affinity is a challenging task. Directed evolution, a combination of randomization of the gene for the protein of interest and selection using a display technique, is one of the most powerful tools for producing a protein binder. However, the selected proteins often bind to the target protein at an undesired surface. More problematically, some selected proteins bind to their targets even though they are unfolded. Current state-of-the-art computational design methods have successfully created novel protein binders. These computational methods have optimized the non-covalent interactions at interfaces and thus produced artificial protein complexes. However, to date there are only a limited number of successful examples of computationally designed de novo PPIs. De novo design of coiled-coil proteins has been extensively performed and, therefore, a large amount of knowledge of the sequence-structure relationship of coiled-coil proteins has been accumulated. Taking advantage of this knowledge, de novo design of inter-helical interactions has been used to produce artificial PPIs. Here, we review recent progress in the in silico design and rational design of de novo PPIs and the use of α-helices as interfaces.
Introduction
Creation of an artificial protein-protein interface (PPI) is one of the critical steps in developing an artificial protein complex. The formation of PPIs generally induces an unfavorable entropy change (McManus et al. 2016) . However, enthalpy change, which relies on the network of non-covalent bonds, such as hydrogen bonds, salt bridges, and van der Waals forces, compensates for the entropy cost, thus generating a thermodynamically stable complex (McManus et al. 2016) . To satisfy the energetic requirements of the bound state, the interfaces of two proteins should have shape and chemical complementarity. Directed evolution is a powerful tool for creating novel protein binding to a target protein because the method can produce a de novo PPI without having to take into consideration the shape and chemical complementarity between the interfaces of the two protein molecules (Jäckel et al. 2008) . However, the artificially evolved proteins often bind to the target in an undesired binding mode (Chin and Schepartz 2001; Gemperli et al. 2005; Karanicolas et al. 2011) and, importantly, sometimes they do not retain their native structures (Butz et al. 2014 ). These problems often limit the utilization of artificially evolved protein binders in practical applications. Accordingly, alternative protein design techniques are required for creating artificial PPIs. Here we review recent progress in the rational design of de novo PPIs and describe the feasibility of the use of α-helices as the interfaces in de novo interactions.
Computational PPI design
Design of an interface that binds to a target protein Recent progress in computational algorithm development allows in silico design of interfaces with high chemical and shape complementarities which are important for generating de novo PPIs. This approach consists of two steps: (1) searching for the best configuration of a pair of proteins that interact with each other and (2) optimization of the amino acid sequences of the proteins to produce the lowest energy in the bound state.
For naturally occurring protein complexes, a small number of residues located at the interfaces are critical for stabilizing the interaction between the subunits. These residues are called Bhotspots^ (Bogan and Thorn 1998; Clackson and Wells 1995) . A number of studies have used Bhot-spot-centric-design^that grafts hot-spot residues found in a naturally occurring protein complex to a designed interface, followed by computational sequence optimization for better side chain packing over the entire interface area ( Fig. 1a ; Azoitei et al. 2011; Fleishman et al. 2011; Azoitei et al. 2012 Azoitei et al. , 2014 Whitehead et al. 2012; Procko et al. 2013 Procko et al. , 2014 Berger et al. 2016; Zhu et al. 2016; Liu et al. 2017; Strauch et al. 2017; Chevalier et al. 2017 ).
An alternative approach is called Bdock-and-design^. In this method, a docked structure of a scaffold protein and its target is first simulated and then the sequence of the scaffold protein is optimized in order to generate the lowest energy interface that can bind to the target protein. Unlike Bhot-spot-centric-design^, Bdock-and-design^does not require any knowledge of the hotspot residues (Jha et al. 2010; Procko et al. 2013) . However, in one of the examples of this method a protein modified by Bdock-and-design^bound to its target protein with very low affinity (Jha et al. 2010 ). More problematically, in another example, the modified protein bound to a surface other than the targeted site (Procko et al. 2013) . Thus, the Bdock-and-designâ pproach has not worked well to date.
Design of two interacting interfaces
Heterodimers have also been computationally designed by cooptimizing both interfaces (Huang et al. 2007; Karanicolas et al. 2011) . Karanicolas et al. (2011) created a novel interaction between an ankyrin repeat protein and a monomeric coenzyme A-binding protein. Tyrosine and tryptophan residues were introduced into the center of the interfaces of both proteins as hot-spot residues, followed by sequence optimization around these residues using the Rosetta Design protocol (Leaver-Fay et al. 2011) (Fig. 1b) . After experimental affinity maturation, the designed proteins formed a heterodimer with a dissociation constant (K D ) value of 180 pM. However, the crystal structure showed that the mutant of the coenzyme Abinding protein was rotated 180°relative to the designed model ). To our knowledge, no other example has been reported of the successful design of a heterodimer by co-optimizing both interfaces. Thus, even with the use of a significant amount of computational design, it is still difficult to construct an artificial interaction between two arbitrary proteins.
Design of helix-helix interactions

Design of interactions between helical peptides
A protein structure consisting of two or more α-helices arranged in parallel or antiparallel is called a coiled-coil, and Fig. 1 A computationally designed protein-protein interface (PPI). a The structure of the complex (PDB ID 3R2X) of a designed monomeric protein, APC36109 (black), and its target protein, hemagglutinin (white). The interface on APC36109 was designed by Bhot-spot-centricdesign^ . The residues shown in red and orange indicate the grafted hot-spot residues and the computationally optimized residues, respectively. b The heterodimer (PDB ID 3Q9N) of an ankyrin repeat protein (white) and a coenzyme A binding protein (black). Both interfaces were created by computational design followed by directed evolution . The residues shown in red indicate the grafted hot-spot residues, and the residues optimized by computational design and directed evolution are in orange such proteins are frequently found in naturally occurring proteins. Indeed, the coiled-coil structure is found in up to 10% of all proteins from various organisms (Liu and Rost 2001; Rose et al. 2005; Rackham et al. 2010 ). The sequence-structure relationship of coiled-coils is well understood. In a canonical coiled-coil, two α-helices are arranged at an angle of 20°from the parallel alignment. The conformation of the coiled-coil can be represented as a repeat of a seven-amino acid unit (Fig. 2a) . The positions within the unit are denoted as a-b-c-d-e-f-g, where the a and d positions are mainly occupied by hydrophobic residues and the remaining positions are often occupied by polar residues. When hydrophobic side chains at positions a and d are involved in inter-helical interactions, they participate in knob-into-hole packing; the hydrophobic sidechain (knob) of the residue at the a or d position is inserted into the hole formed by four hydrophobic sidechains in the other α-helix (Woolfson 2017) (Fig. 2b) . In addition, charged amino acids are often located at positions e and g and form inter-helical salt bridges (Woolfson 2017) . Based on this knowledge of the coiled-coil, helical peptides have been modified to drive homo-oligomerization of proteins (Woolfson 2017) .
Knowledge of the sequence-structure relationship of the coiled-coil has been used to develop coiled-coil modeling programs (Grigoryan and Degrado 2011; Huang et al. 2014; Wood et al. 2014; Wood and Woolfson 2017) . Notably, CCbuilder developed by the Woolfson group is a useful web-based tool for building and designing coiled-coil assemblies . In this program, a coiled-coil backbone is generated with input parameters such as number of polypeptide chains and geometric scores by modified mathematical parameterization derived from Crick's original coiledcoil modeling equation (Crick 1953) . Based on the backbone model, the ideal amino acid sequence is generated by the modified Rosetta program (Leaver-Fay et al. 2011) . Indeed, the program has generated coiled-coil models that exactly match the reported crystal structures Wood and Woolfson 2017) . CCBuilder has high usability and can be used by non-specialist users for coiled-coil modeling and design.
Geometrical considerations of heptad repeats and CCBuilder were used by Thomson et al. (2014) to model an oligomeric coiled-coil structure. Out of 22 experimentally tested designs, two self-assembled into a tetramer, four into a pentamer, six into a hexamer and one into a heptamer. The crystal structures of a pentamer, two hexamers and the heptamer were confirmed to be similar to the modeled structures.
Therefore, with a deep understanding of the sequencestructure relationship of the coiled-coil structure and computational modeling programs, the design of simple helix-helix interactions is relatively easy. It is anticipated that much more complex coiled-coil architectures, such as assemblies with multiple helices and different orientations of helices, will be successfully designed in the future.
Design of PPIs mediated by inter-helical interactions
Helix-helix interactions are frequently observed at the interfaces of naturally occurring protein complexes. Guharoy and Chakrabarti demonstrated that 22.4% of homodimers and 10.9% of heterodimers have inter-molecular helix-helix interactions (Guharoy and Chakrabarti 2007) . Similarly, helix-helix interactions across the interfaces were also found in a number of de novo designed protein complexes based on computational methods (Huang et al. 2007; Salgado et al. 2010; Fleishman et al. 2011; Mou et al. 2015a, b; Boyken et al. 2016; Fallas et al. 2016 ). In addition, several artificial proteins that contain intra-molecular helix-helix interactions have been constructed (Brunette et al. 2015; Doyle et al. 2015; Jacobs et al. 2016) . Furthermore, helical structures are thought to be more tolerant of mutations than β-sheet and coils (Abrusán and Marsh 2016) . For these reasons, exposed α-helices may be good targets for the creation of novel binding interfaces for artificial PPIs. Furthermore, because α-helices are often located on protein surfaces, designing an inter-helical interactionmediated PPI is a useful approach for creating de novo protein complexes. With the above in mind we have generated PPIs through modification of exposed α-helices. We engineered the exposed α-helices of two helical bundle proteins, a dimeric sulerythrin and a monomeric cysLARFH (Fig. 3) (Yagi et al. 2016) . Six leucine residues and six aspartate or glutamate residues were introduced onto the surface formed by two antiparalleled α-helices of sulerythrin. In addition, three leucine residues and three lysine or arginine residues were introduced into an α-helix of cysLARFH. We hypothesized that the two modified proteins would interact with each other through formation of a intermolecular three-helix bundle. Indeed, these protein mutants form a hetero-tetramer (cysLARFH monomer/sulerythrin dimer/cysLARFH monomer ( Fig. 3) with a K D value of 160 nM. This result indicates that an artificial PPI can be generated by the simple approach of creating de novo interfaces on α-helices. However, we should point out that the crystal structure of the heterotetramer has not yet been determined.
An artificial interaction between β-strands has also been reported. Two copies of a monomeric protein, which has an unpaired β-strand on its surface, were computationally docked to generate a homodimer through intermolecular strand-strand interactions of hydrogen bonds (Stranges et al. 2011) . The amino acids surrounding the β-strands were then energetically optimized with the Rosetta Design program. However, empirical testing showed that only one out of ten designs formed a homodimeric structure as expected. As far as we are aware, the aforementioned study is the sole successful example of the creation of an artificial homodimer using β-strands as the subunit interface. As such, the design of interfaces on α-helices-rather than on β-strands-is currently considered to be the more promising approach.
Construction of an artificial peptide fiber using helix-helix interactions Helix-helix interactions have also been used to construct fibrous structures. Woolfson and coworkers developed a novel fiber using two complementary 28-residue helical peptides, SAF-p1 and SAF-p2 (Pandya et al. 2000) . Interaction between the two peptides induced the formation of staggered heterodimers. The resulting heterodimers had Bsticky-ends^that further induced the formation of fibers (Fig. 4a) . Upon mixing Fig. 3 The modeled structure of the designed complex between homodimeric sulerythrin (white) and two monomeric cysLARFHs molecules (black). The interaction between the proteins was created by modification of the sequences of their exposed α-helices (Yagi et al. 2016) . The image was generated from the crystal structures of sulerythrin (PDB ID 1 J30) and the four-helix bundle domain of the lac repressor (PDB ID 3EDC) from which cysLARFH was derived. The introduced Leu residues at the interfaces of sulerythrin and cysLARFH are shown as red sticks Fig. 4 The modeled structures of α-helical peptide fibers. a The fiber comprised two complementary helical peptides (Pandya et al. 2000) . The image was generated based on the crystal structures of the SAF peptide (PDB ID 3RA3). b The tube-like fiber was created by modification of the termini of the α-helical barrel proteins (Burgess et al. 2015) . The hydrophobic lumen is shown in the right image. The images were generated based on the crystal structure of the α-helical barrel protein (PDB ID 4PNA). The hydrophobic residues in the lumen are shown as red sticks. c The self-assembled cylindrical structure formed by association of the two offset hydrophobic faces of an α-helical peptide, determined by electron cryo-microscopy (PDB ID 3 J89) (Egelman et al. 2015) . The lumen is shown in the right image. The hydrophobic residues at the two interfaces of the helix are shown as red sticks SAF-p1 and SAF-p2, fibrous structures several tens of micrometers in length and several tens of nanometers in width were produced.
In other studies, tube-like coiled-coil fibers were constructed using α-helical barrels that contain a cavity in the hydrophobic core (Xu et al. 2013; Hume et al. 2014; Burgess et al. 2015) . In the Burgess et al. (2015) study, three kinds of natural barrel-like coiled-coil proteins, each of which consisted of five, six or seven helical peptides with four-heptad repeat sequences, were engineered to assemble into tube-like structures through end-to-end associations (Fig. 4b) . The peptides were modified to expose patches of hydrophobic core near the N-termini which could interact with the hydrophobic core at the C-termini of the neighboring molecule. In addition, charged residues (E or K) were placed at the C-termini to electrically bind to oppositely charged side chains in the N-terminal heptad repeats. The tubes contained a hydrophobic channel that was accessible by small hydrophobic dyes (Fig. 4b ) (Burgess et al. 2015) . These results demonstrated the generality of this strategy for constructing tube-like structures using α-helical barrels.
Coiled-coil tubes with a larger diameter of lumen were designed by Egelman and coworkers. In their design, the synthesized 29-residue α-helical peptide, which had two interfaces formed by hydrophobic residues at positions a, d, c and f, self-assembled into a cylindrical α-helical assembly that contained a lumen with a radius of a few nanometers (Fig. 4c ) (Egelman et al. 2015) .
Thus, several fiber and tube structures have been constructed by designing interactions between helical peptides. The well-established design method for helical peptide fiber construction may confer advantages for applications in bio-nanotechnology, such as the construction of scaffolds for nanoscale electronic circuits or in targeted drug delivery systems.
Construction of artificial protein fibers through helix-helix interactions
We have also engineered a modified version of cysLARFH where two hydrophobic surfaces were created on two opposite surfaces. The hydrophobic surfaces could serve as interfaces for interacting with other protein molecules that also have a hydrophobic surface. When the cysLARFH variant and the sulerythrin mutant, each with the designed hydrophobic interface, were mixed, thin fibers were observed by atomic force microscopy ( Fig. 5a) (Yagi et al. 2016) . The average length of the self-assembled fibers was 90 nm. Therefore, the generation of PPIs through helixhelix interactions can be applied to fiber development. However, branching structures within the fibers were observed, possibly due to undesired interactions at surfaces other than the designed interfaces.
Mayo's group has computationally designed co-assembled a protein-DNA fiber (Fig. 5b) (Mou et al. 2015b) . In this work, a monomeric DNA binding protein was engineered to assemble into a homodimer via inter-molecular helix-helix interactions. The resulting dimer displayed DNA binding motifs at both ends. By mixing the protein and a double-stranded DNA fragment that contained two protein-binding sequences, fibers formed spontaneously. Atomic force microscopy demonstrated clear, fibrous structures with a length of up to~300 nm. Thus, the PPI design method with DNA binding produced a protein-DNA hybrid fiber by using the DNA as glue.
While the designs of the protein-based and protein/DNAbased fibers described above were successful, the length of the constructed fibers was shorter than that of natural fibrous proteins such as actin. One way to address this would be to enhance the affinity of the PPI which induces one-directional polymerization of proteins, as is the strategy taken with the formation of natural fibrous proteins. Fig. 5 a The modeled structure of artificial protein fibers. The fiber comprised sulerythrin homodimers (white) and cysLARFH monomers (black) (Yagi et al. 2016) . b The crystal structure of a protein-DNA hybrid fiber (PDB ID 4QTR) (Mou et al. 2015b) Construction of a more complex structure Self-assembling complexes designed using a computational PPI design strategy
The symmetric docking strategy has been used multiple times to create homo-oligomers. In this strategy, docking is performed using the following steps: (1) multiple copies of a protein are symmetrically arranged in silico; (2) all protein molecules are allowed to rotate around the symmetry axis of the oligomer and also to move along the axis; (3) the suitability of the docked configurations is assessed by measuring the buried area of the interfaces and by scoring complementarity. The symmetric docking strategy has generated symmetric oligomers, including dimers (Fig. 6a), trimers (Fig. 6b) , tetramers (Fig. 6c) , pentamers, hexamers, 12-mers, 24-mers (Fig.  6d) , 60-mers and 2-dimensional arrays (Stranges et al. 2011; King et al. 2012; Der et al. 2012; Gonen et al. 2015; Mou et al. 2015a, b; Boyken et al. 2016; Fallas et al. 2016; Hsia et al. 2016; Mills et al. 2016) . For example, King and Bare applied the symmetrical docking method to generate heteromeric protein complexes (King et al. 2014; Bale et al. 2016) . Two types of engineered homo-oligomers, such as dimers, trimers or pentamers, formed several cage-like structures when the two proteins were mixed (Fig. 6e, f) . In these studies, the highresolution crystal structures of the complexes showed good agreement with their computational models at atomic level.
These several successful examples indicate the substantial potential of the symmetrical docking method for construction of novel protein oligomers. However, the success rates for assembly are generally low (~15%), likely due to the fact that current protein modeling and sequence design techniques do not take into account all of the factors that induce PPIs between any two proteins.
Self-assembling complexes designed by combination of coiled-coil motifs helix-helix interactions have also been used to construct cagelike structures. Gradišar et al. created a tetrahedron-forming polypeptide chain comprising 12 concatenated coiled-coil-forming segments separated by flexible tetra-peptide linkers (Gradisar et al. 2013) . Folding was driven by specific pairwise interactions between different coiled-coil elements within the polypeptide. In this design strategy the use of multiple coiled-coil forming segments to extend to additional polyhedral architecture (for example, to an octahedron) would be challenging. However, to this end, over 12 different coiled-coil segments have been concatenated into a single polypeptide chain. However, the resulting polypeptide seems to misfold due to nonspecific interactions between helix-forming segments within a single polypeptide. Therefore, great care needs to be taken in the selection of coiled-coil dimers when designing a larger polyhedron.
Fletcher et al. developed a novel method for creating selfassembled cage-like particles using a homotrimeric coiled-coil (CC-Tri3) and a heterodimeric coiled-coil (CC-Di-AB). In their study, the helical peptide that formed CC-Tri3 was linked to another helical peptide CC-Di-A or CC-Di-B through their external helical faces via a disulfide-bond, yielding CC-Tri-3-CC-Di-A or CC-Tri-3-CC-Di-B. Both CC-Tri-3-CC-Di-A and CC-Tri-3-CC-Di-B spontaneously self-assembled into homotrimers, with the segment originating from CC-Tri3 driving trimer formation (Fig. 7a) . When C-Tri-3-CC-Di-A and CC-Tri-3-CC-Di-B were mixed, the two chains Fig. 6 Crystal structures of computationally designed homooligomers. a-c The dimer (PDB ID 5HSY), trimer (5HEZ) and tetramer (5HS0) were designed by Fallas and coworkers (Fallas et al. 2016) . d The homotrimeric protein was engineered to form a cage-like, 24-mer complex by King and coworkers (PDB ID 4DDF) (King et al. 2012 ). e Two trimeric proteins, shown in white and black, were engineered to form a cage-like, hetero-24-mer by King and coworkers (PDB ID 4DDF) (King et al. 2014) . f The pentameric protein (black) and the trimeric protein (white) were engineered to form a cage-like, hetero-120-mer by Bale and coworkers (PDB ID 5IM5) assembled via an interaction between the CC-Di-A and CCDi-B, thus forming hexagonal networks (Fig. 7a) . Atomic force microscopy demonstrated that the hexagonal network formed mono-layer spheres with a diameter of approximately 100 nm (Fletcher et al. 2013) . However, the size of the resulting sphere-like structures still cannot be predicted from the amino acid sequence due to the flexibility of the disulfidelinked coiled-coil forming peptides.
Self-assembling complexes designed by the fusion of oligomeric proteins and coiled-coil proteins Coiled-coil proteins, in combination with other proteins, have been used to construct more complex structures (Patterson et al. 2011 (Patterson et al. , 2013 Kobayashi et al. 2015; Sciore et al. 2016) . For example, Arai and coworkers created cage-like protein complexes (Kobayashi et al. 2015) . In their design, a subunit of the homodimeric coiled-coil protein WA20 (Arai et al. 2012 ) was fused with a homotrimeric foldon domain of the T4 phage fibritin (Fig. 7b) . The fused protein assembled into several homo-oligomeric forms. The molecular masses of the o l i g o m e r s c o r r e s p o n d e d t o t h e h o m o h e x a m e r, homododecamer and homooctadecamer. In addition, a small-angle X-ray scattering analysis revealed that the homohexamer and the homododecamer existed in barrel-like and tetrahedron-like structures, respectively (Fig. 7b ) (Kobayashi et al. 2015) .
In contrast to the aforementioned study by Arai and coworkers, Marsh's group (Sciore et al. 2016 ) produced a more homogeneous assembly. These authors investigated the length of the peptide linker that connects a homotrimeric protein and a homotetrameric coiled-coil. The fused protein with a fourglycine linker predominately (~75%) self-assembled into a 24-mer (Fig. 7c) . In addition, cryo-transmission electron microscopy analysis demonstrated that the protein complex forms a cage-like structure (Sciore et al. 2016) . In contrast, the fused proteins linked by two contiguous glycines formed heterogeneous oligomers. When the proteins were linked by three glycine residues, the fused proteins formed insoluble aggregates. Therefore, in the case where a fused polypeptide chain is used as the unit of a de novo protein complex, the length of the linker may be an important factor in the production of a homogeneous protein assembly.
The fusion approach with coiled-coil proteins is a simple one for constructing symmetrical polyhedral cage structures. It does not require complicated de novo PPI design, so the structural specificity of the resulting assembly is mainly dependent on the linker peptide sequences between the coiledcoil-forming oligomer protein and the native oligomer protein. However, the approach has generally yielded heterogeneous assemblies. While Sciore et al. (2016) improved the homogeneity of the assemblies, they could not fully prevent unanticipated assembly. For further improvement of homogeneity of fused protein assemblies, rigidity (or flexibility) of the linker Fig. 7 Schemes for designing cage-like structures. a The homotrimeric coiled-coil CC-Tri3 (white) and a subunit of the heterodimeric coiled coils CC-Di-AB (blue and pink) were linked with disulfide bonds (red lines) to yield two hub components. A hexagonal network was formed by mixing the two hub components (Fletcher et al. 2013) . b A subunit of the homodimeric coiled coil (WA20, white) and a subunit of the homotrimeric protein (foldon, gray) were fused. The fused protein selfassembles into a barrel-or a tetrahedron-like cage structure (Kobayashi et al. 2015) . c A subunit of the homotetrameric coiled-coil (CC-Tet, white) and a subunit of the homotrimeric esterase (gray) were fused. The fused protein self-assembles into an octahedron-like cage structure (Sciore et al. 2016) also needs to be taken into account, because it is known that the linker rigidity affect the orientations of the fused proteins (Argos 1990; Arai et al. 2001; George and Heringa 2002; Li et al. 2016 ).
Concluding remarks
In this review we have summarized the several routes to computationally designing de novo PPIs. However, the computational methods do not always create successful de novo PPIs and, therefore, more reliable methods remain to be established. The depth of our knowledge on the sequencestructure relationships of coiled-coils paves the way for reliable construction of inter-helical peptides interactions. In addition, inter-helical interactions are frequently found in native and computationally designed protein complexes. Thus, exposed α-helices are good targets for creating interfaces that induce de novo PPIs. In addition, the creation of PPIs contributes to the de novo design of protein fibers and higher-order supermolecular complexes.
